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ABSTRACT
A blade element momentum (BEM), vortex

lattice (VL) and a Reynolds-averaged thin-layer
Navier-Stokes method (RaNS) were evaluated for
their ability to predict the aerodynamic performance
of the Combined Experiment Phase II Horizontal
Axis Wind Turbine. To evaluate blade stall modeling,
the BEM and VL methods utilized the Du-Selig stall
delay model along with experimental and
computationally derived airfoil characteristics. To
validate the methods, experimental data from the IEA
Annex XIV database were used. Additional data
reduction was applied to sort the experimental data
into steady wind speed bins with known error and to
make it suitable for validation of numerical methods.
All three methods produce good power and sectional
normal force predictions at pre-stall wind conditions.
The RaNS method fails to capture the correct
aerodynamic performance once the blade begins to
stall. The VL and BEM methods show better
capability in predicting post stall behavior, however
to obtain more accurate power and load predictions

they need improved stall delay models and adequate
airfoil properties. Predicting the correct inboard stall
delay is still a challenge to these methods.

INTRODUCTION
Accurate, reliable and robust numerical predictions of

wind turbine rotor power remain a challenge to the wind
energy industry. The literature reports various methods
that compare numerical predictions to experiments. The
methods vary from Blade Element Momentum Theory
(BEM) ( Refs. 1,2 ), Vortex Lattice (VL) (Refs. 3), to
variants of Reynolds-averaged Navier-Stokes (RaNS)
(Refs. 4,5) The BEM and VL methods consistently show
discrepancies in predicting rotor power at higher wind
speeds mainly due to inadequacies with inboard stall and
stall delay models. The RaNS methodologies show
promise in predicting blade stall. However, inaccurate
rotor vortex wake convection, boundary layer turbulence
modeling and grid resolution have limited their accuracy.
In addition, the inherently unsteady stalled flow
conditions become computationally expensive for even
well equipped research labs.
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Although numerical power predictions have been
compared to experiment, good wind turbine data of
sufficient quality for code validation remains scarce.
The data usually come from measurements taken on
field installed wind turbines. The joint effort
undertaken by several European Union research labs
and the United State's National Renewable Energy
Laboratory (NREL) has documented and made
available experimental field data for several different
wind turbines (Refs. 6). Users and numerical analysts
have ready access to this data, known as IEA Annex
XIV, by either extracting it from the written report or
by downloading the electronic data files from an FTP
server.

However, users will find that the IEA Annex
XIV data contain considerable unsteadiness in the
measured power and loads. This variation exists even
though the data has been reduced and sorted into
specific wind speed and yaw categories. Numerical
analysts would find it difficult to validate their
computations against this data without further and
considerable data reduction.

This paper brings together a comparison of
power predictions as obtained by the three different
methods - BEM, VL, and RaNS. The predictions use
,as a benchmark, experimental data that has been
gleaned from the IEA Annex XIV download site for
the NREL Combined Experiment phase II rotor.
These comparisons will show data that has been
further reduced into steady wind and zero yaw
conditions suitable for comparisons to "steady wind"
rotor power predictions. The paper presents and
discusses the capabilities and limitations of the three
numerical methods. In addition, it makes available a
reduced set of experimental data suitable for others to
validate their work.

METHODOLOGY

Experimental Data
The experimental data used in the comparisons

was obtained from the NREL Combined Experiment.
Phase II Experiment (Refs. 7, 8). This turbine is a
highly instrumented downwind, three-bladed, HAWT
with rectangular blade planform. Over the years,
NREL has taken extensive surface pressure, flow
visualization, meteorological and loads data from this
field installed turbine.

The Phase II configuration has a rotor that
rotates at a constant 72 rpm and rated at 20 kW of
electrical power. This fixed-pitch rotor has a diameter
of 10.1 meters, untwisted blades, and constant chord
of 0.458 meters. The rotor uses the NREL S809
airfoil through out the span with some modifications
towards the root to blend with the hub spar.  The
rotor hub is fixed at a pre-cone of 3o and a fixed pitch

of 12o. The rotor hub is mounted onto a nacelle that
contains the transmission and electrical power generation
equipment. This assembly sits atop a 0.405-meter
diameter cylindrical tower 16.8 meters above the ground.

The three blades have flush mounted pressure taps
and total pressure probes at several radial locations. In
addition to the pressure data, NREL recorded the rotor
torque and bending loads as well as angle of attack at
several radial stations. The inflow conditions for the
turbine were measured by a vertical plane array of sensors
positioned nominally upstream of the rotor. The details of
NREL's Combined Experiment are covered in Refs. 7 and
8.

To properly validate any predictive method, one
needs quality experimental data with documented
uncertainty. This requirement for error analysis in the data
presentation becomes even more important in wind
turbine predictions because of the large fluctuations in the
wind, the nacelle yaw errors, and inherent unsteady blade
aerodynamics.

For the non-yawed rotor conditions, the IEA Annex
XIV provides five sixty-second long averaged wind speed
bins. Over this sixty-second sample, there may be large
wind speed variations and yaw error. Therefore, we set
out to extract “steady” conditions from the IEA database.
To accomplish this task, each of the five original averaged
wind speed bins was sampled to identify sets of five
consecutive rotor revolutions whose standard deviation
was less than 0.5 m/s . These sets of five were then further
reduced to eliminate those with excessive variance
between the minimum and maximum wind speeds and
yaw error.
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Figure 1: Experimental power curves
referenced to generator

This process produced seven sets of data each
containing five rotor revolutions with average wind
speeds of 7.0, 10.5, 13.6, 15.3, 17.8, 20.0 and 23.0 m/s.
The data show considerable variations in power at the
various wind speed bins. Figure 1 illustrates the cycle
averaged generator and mechanical power for each of the
5 revolutions as compared to the NREL power curve
published in the Annex XIV report. The generator power
and the published NREL power curve show good



AIAA-2000-0038

3

agreement in the lower power levels. However there
are some differences in the stall regions (wind speeds
greater than 14 m/s).

The mechanical power shown in figure 1 was
obtained from shaft strain gage measurements and
scaled by the 78% efficiency reported in the Annex
XIV report. However, in comparing the rotor torque
derived power against the generator power, it was
found that the efficiency did not match the published
efficiency. As a result, a better curve fit between
mechanical and generator power was found, as
described in equation 1.

847.09036.0       (1) −= MechanicalGenerator PP

Figure 2 compares the corrected comparison between
the generator and mechanical power data. The two
sets of data now show better correlation. Also note
that they deviate significantly from the NREL power
curve at the onset of blade stall (14 - 16m/s wind).
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Figure 2: Corrected power curves

Numerical Methods
Three different numerical methods were used to

predict the power and aerodynamic loads of the
Combined Experiment Phase II rotor. The first
method is a BEM method known as
YAWDYN/AERODYN developed by Hansen (Refs.
9). The second method is a VL method known as
CAMRAD II developed by Johnson (Refs. 10).
CAMRAD II was originally developed as a
comprehensive vehicle dynamics and aerodynamics
code for the rotorcraft industry and has been
modified to model horizontal axis wind turbines
(HAWT). It utilizes a vortex lattice with free wake
(FW) model. In addition, the CAMRAD II code has
the capability to run in BEM mode. Both methods
have the capability to simulate the dynamic response
of the turbines flapping or teetering motions and
nacelle yaw.

These methods require two-dimensional airfoil
lift and drag data for their predictions. The airfoil of

interest for this study is the 21-percent thick S809; an
airfoil from the NREL thick-airfoil family for horizontal-
axis wind-turbine applications (Ref. 11). For this purpose
the airfoil was designed to have a sustained maximum lift,
minimal sensitivity of lift to roughness, and low profile
drag. An extensive experimental database for use in BEM
methods was developed at OSU (Ref. 12).

-1

-0.5

0

0.5

1

1.5

-10 0 10 20 30
Angle of Attack (Degrees)

L
if

t 
C

o
ef

fi
ci

en
t

S809 (Ref. 6)

Re = 110,000

Re = 290,000

Re = 580,000

Re = 870,000

Re = 1,160,000

Re = 2,330,000

Figure 3: Lift polar from NREL data and
MSES derived

Airfoil tables were also generated via the MSES
code. The MSES multi-element airfoil code (Refs. 13 and
14) represents an extension of the single-element ISES
compressible flow airfoil code (Refs. 15 and 16). In this
method, the streamline-based Euler equations and
boundary-layer equations are solved simultaneously using
a full-Newton method. The boundary layers and wakes
are described with a two-equation lagged dissipation
integral boundary layer formulation and an envelope eN

transition criterion. The initial streamline grid is generated
through the solution of a panel method at a specified
angle of attack and then modified after each Newton
iteration as part of the solution. Displacement bodies
based on the shear-layer displacement thickness are used
to modify the element surface geometry and are
incorporated into the solution after each iteration. This
strong inviscid/viscous coupling enables MSES to predict
the effects of laminar separation bubbles and other
regions of limited flow separation on the pressure
distribution.

Two types of airfoil tables were used with CAMRAD
II. The first uses the S809 experimental airfoil data
obtained from Ref 6. That data consists of Cl and Cd for
angles-of-attack from –2.23o to 89.9o and constructed by
NREL from the OSU data. This table was extended to
cover a complete angle of attack range of ±180o.
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The second airfoil table uses the MSES code to
provide Cl and Cd for several Reynolds numbers.
However, since MSES only predicts aerodynamic
coefficients up to maximum Cl, the S809
experimental data was used beyond stall. Figure 3
illustrates the resulting lift polars used by CAMRAD
II.

Inboard of the 30% radius, the airfoil cross
section becomes a blend between the S809 and an
elliptical cross section as described in Ref. 6. These
cross sections result in lift and drag polars that differ
greatly from the normal S809 airfoil characteristics.
Figure 4 illustrates the difference between the cross
section at 16% radius and a normal S809. Attempts to
use MSES to construct an airfoil polar for the 16%
radius section were not successful. The CAMRAD II
calculations presented in this paper used the S809
data at 10% radius. Calculations were also performed
assuming that the 16% radius airfoil generated drag
but no lift (as a limiting case); the results obtained
with this assumption are not presented here since
they added little quantitatively and did not change the
conclusions at all.

To obtain accurate rotor sectional lift
characteristics and hence accurate power prediction,
the two-dimensional airfoil data needs to be corrected
for inboard stall delay effects. As summarized by
Snel and van Holten (Ref. 17), Corrigan and
Schillings (Ref. 18), and Du and Selig (Ref. 19) the
sectional maximum lift coefficient will exceed the
two-dimensional airfoil maximum lift for the inboard
sections of a rotor. Corrigan and Schillings developed
their stall delay model based upon observations of
experimentally measured stall delay on rotors. They
applied this model to their helicopter rotor
performance code and were able to accurately predict
rotor power. Snel and van Holten performed an order
of magnitude analysis on the 3-Dimensional
boundary layer equations. They show that when the
flow begins to separate that the Coriolis force has a
significant impact on the spanwise momentum in the
boundary layer.

Du and Selig (Ref. 19) developed a stall delay model
designed for use in BEM and VL methods. This model is
based upon the analysis of 3-D integral boundary layer
equations to determine the effects of rotation on boundary
layer separation. Equations 2.1-2.6 describe the model as
implemented in CAMRAD II.
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Where:
cl and cd = corrected sectional lift and drag
coefficients
clα = lift curve slope
cdo = drag coefficient at zero lift
cltable and cdtable = 2-D sectional lift and drag
coefficients
Ω = rotor rotational rate
Vwind = wind speed
r = local radius
R = tip radius
c = chord

The third numerical method used in this study is a
RaNS code known as OVERFLOW developed by
Buning, et.al. (Ref. 20). OVERFLOW has been applied to
both rotorcraft (Refs. 21,22) as well as a HAWT (Refs.
23). It solves the compressible form of the RaNS
equations using an implicit finite difference approach with
overset grids.

The grid systems for the phase II rotor consist of 20
overset grid components. All three blades and a simplified
hub system are modeled. Each blade was modeled with 5
grids: the tip, the main working part of the blade, the
blended parts between the main hub shaft and the main
blade, and two grids for the inboard cutout. In addition,
the hub grid consists of three overset grids.  Figure 5
illustrates the grid systems.

The OVERFLOW code has several options for
modeling boundary layer turbulence. One method is an
algebraic turbulence model known as Baldwin-
Lomax.(Ref. 24). In addition it has a 1-equation model by
Baldwin and Barth (Ref. 25). To model transition to
turbulence, a laminar region was enforced from the

Figure 4: Inboard airfoil cross sections
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leading edge to ¼ chord location; the turbulence
model is then enabled past that point.

Results
Results for the phase II rotor have been obtained

with the three numerical methods and compared
against the reduced IEA data. Figure 6 compares the
Phase II rotor generator power curves, that was
reduced from the IEA Annex XIV data, against the
power predictions that were obtained by
Aerodyn/Yawdyn, CAMRAD II code (using a free
wake, the Du-Selig stall delay model, and the S809
experimental airfoil data), and OVERFLOW. For all
the numerical power results, the mechanical power
was corrected to generator power using equation 1.
All three methods show the ability to model the
power at the lower wind speeds. They show

considerable differences however at the higher wind
speeds and in predicting maximum power. The stall trends
in both the Yawdyn and CAMRAD II results can be
directly related to the published airfoil lift and drag tables.
The OVERFLOW results agree well at the low wind
speed, but grossly overpredicts the power toward the stall
region.

Figure 7 illustrates CAMRAD II's ability to predict
the power using the different airfoil data with the stall
delay model. The S809 result uses the experimental airfoil
dataset for the lift and drag as reported in Ref. 6. The
MSES results use the airfoil lift and drag polars that take
into consideration the Reynolds number variation.

The results show that a free wake based method has
the capability to predict the power up to stall. However,

Figure 5: Overset volume and surface grids of Phase II rotor
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the airfoil properties do have a considerable impact
on the power prediction. At the lower wind speeds
the S809 and MSES results predict approximately the
same power. As the rotor approaches stall, the stall
delay model amplifies any differences in between the
two airfoil tables with the MSES overpredicting the
power more than the S809.

Without the stall model, CAMRAD II would
underpredict the maximum power. Figure 8 illustrates
effect of the stall delay model on the power predicted
by the CAMRAD II code using a free wake and
experimental S809 airfoil data. The stall delay model
has a slight shift in the power for the wind speeds
before stall. As expected, it delays the airfoil stall and
hence increases the predicted maximum power.
However, as implemented, the Du-Selig model places
too much stall delay causing an overprediction of the
power.

The ultimate goal of the RaNS method is to
develop a method capable of predicting the power up
through stall. The current method demonstrates the
ability to predict the power at wind speeds before
stall, but it has difficulty predicting post stall
behavior. The following comparisons of the local
normal force coefficients illustrate the differences
and their causes.

Figure 9 illustrates a comparison of the local
normal force coefficient as obtained by the
experiment, OVERFLOW, and CAMRAD II. The
experimental data shown here was provided by
NREL directly to the authors and corresponds to a
wind speed of 8.2 m/s. The CAMRAD II data uses
either the blade element momentum method or the
free wake method. Both utilize the Du-Selig stall
delay model with the S809 airfoil table. The

OVERFLOW results shown utilize the Baldwin-Lomax
turbulence model with turbulence transition set at the 1/4
chord location. The predictions were computed for the 8.2
m/s condition.

The comparison shows that all three methods do a
good job at predicting the spanwise Cn distribution at the
pre-stall wind condition of 8.2 m/s. At the outer blade
sections, there is little difference between the methods.
They have similar trends and little difference in their
magnitudes. All along the mid-radial stations, the
OVERFLOW code exhibits a better prediction as
compared to the 8.2 m/s data. The stall delay method
causes this increase in local Cn , for the BEM and FW
method. On the inboard section, the OVERFLOW code
tends to follow the experimental data along with the
increased Cn that exceed the 2-D airfoil maximum Cn of
1.0. The CAMRAD II method tends to capture the similar
Cn trend.

At the onset of blade stall, the OVERFLOW results
begin to deviate from the experiment. Figure 10 illustrates
the comparison between the experiment corresponding to
the 13.63 m/s average wind speed, the CAMRAD II
results, and the OVERFLOW results. Two OVERFLOW
derived results are shown. One uses the Baldwin-Lomax
turbulence model, while the other uses the Baldwin-Barth
turbulence model.

The experimental data shows that for the blade
sections outboard from 45% radius, the blade has stalled
at a local Cn comparable to the two-dimensional
maximum normal force coefficient of approximately 1.0.
Stall delay is evident on the inner airfoil sections as
shown by the increase in local Cn greater than 1.0. The
CAMRAD II result demonstrates an ability to capture the
stalled conditions in the outer radial blade locations. They
show a rather consistent Cn prediction comparing between
the CAMRAD II results and the experimental data.
However along the inner radial locations, r/R ≤ 0.4, the
CAMRAD II results begin to deviate in slope and
magnitude from the experimental data. At the tip location,
there is a slight variation between the BEM and FW
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methods, with the FW method predicting higher tip
loading than the BEM method.

The OVERFLOW results show that the RaNS
method does not predict the appropriate stall
characteristics for the blade. It predicts local Cn

comparable to the CAMRAD II code at the outer
radial locations of r/R > 0.85. However, it fails to
capture the correct stalled behavior over the
remainder of the radial locations.

Figure 11 illustrates the pressure distribution and
velocity contours as predicted by the RaNS method at
r/R = 0.47 and average wind speed of 13.63 m/s. The
pressure distribution exhibits a rather high leading
edge suction peak characteristic of the S809 at pre-
stall conditions. The pressure recovery however,
shows little evidence that would indicate boundary
layer separation. The flowfield velocity contours
further illustrate the failure to stall the local sections.
A thick boundary layer forms, but a large separation
region fails to form.

Figure 12 illustrates the local normal force
coefficient comparison between the CAMRAD II

code and experimental data at the high wind speed of 15.3
m/s. As in the 13.63 m/s wind speed case, the blade has
stalled at Cn ~ 1.0 at r/R > 45%. Further inboard, the
experiment shows stall delay with an increase in local
normal force coefficient up to 2.5 at r/R = 30%. The
CAMRAD II code with the stall delay model enabled
captures the correct normal force coefficient trends, but
misses the correct magnitudes at the inboard and mid
radial locations. There is a difference between the BEM
and VL methods with the VL method predicting higher
tip loading.

SUMMARY AND CONCLUSIONS
This paper presents the comparisons of Blade

Element Momentum, Vortex Lattice and Reynolds
Averaged Navier-Stokes wind turbine power predictions.
To perform the comparisons, experimental data from the
IEA Annex XIV data of the Combined Experiment Phase
II rotor was first placed into a form suitable for code
validation. Power and blade section normal force
coefficient distributions were then used to compare the
three methods.
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The BEM and VL methods did a fair job at
predicting the pre-stall power for the rotor. The
vortex lattice with free wake geometry and stall delay
proved to be a practical model. A stall delay model is
essential for these types of methods. Although the
Du-Selig model gives useful results, the current
formulation does not work for c/r < 1, it tends to over
predict power in the present case. Improved models
are needed.

These types of methods also require adequate
airfoil tables. The MSES airfoil code gave
comparable results to experimental airfoil data but
MSES only gave Cl-Cd up to Clmax. For post stall the
method still used experimental Cl-Cd. This result
demonstrated the ability to obtain 2D characteristics
from analysis codes. The next step would be to use
two-dimensional Navier-Stokes to obtain post stall
airfoil data.

The RaNS method was also able to capture the
pre-stall aerodynamic behavior, but fails to properly
capture the stall behavior. The flow field tends to
remain attached at wind speeds that the experimental
data indicates should stall the rotor. Further
investigation at higher wind speeds is needed. Up
coming wind tunnel test of a two-bladed wind turbine
will provide valuable steady wind data that may help
to improve the RaNS method. In addition, 2-D airfoil
static stall studies should be performed using the
S809 and the same numerical algorithms as used in
the OVERFLOW code.
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